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| INTRODUC TI ON
MicroRNAs (miRNAs) are single-stranded small non-coding RNAs with a length of 18-27 nucleotides and regulate gene expression by targeting mRNAs for post-transcriptional silencing. [1] [2] [3] [4] Studies have shown that miRNAs play an important role in tumorigenesis. 5, 6 miRNAs can be divided into the following two types: oncogene miRNAs (onco-miRNAs) and tumor-suppressor miRNAs. Onco-miRNAs are usually highly expressed in tumor cells and promote the development and progression of the tumor. In contrast, tumor-suppressor miRNAs are often downregulated or absent in tumor cells, and they suppress tumor growth. 3, 7 In recent years, miRNAs have been considered a novel therapeutic target for cancer. 8, 9 These strategies include interfering with onco-miRNAs to suppress tumor growth and importing exogenous tumor-suppressor miRNAs into tumor cells to treat cancer. 10, 11 Gap junctions consist of two hemichannels, each provided by one of the adjacent cells. Six connexin (Cx) subunits form a hemichannel. Gap junctions form direct channels between neighboring cells. 12, 13 Molecules with a weight <1.5 kDa (such as ions, secondary messenger and metabolic substances) can be delivered by gap junctions to the adjacent cell cytoplasm. 14 Studies show that gap junctions are crucial for maintaining the homeostasis of cells, coordinating the activity of cells and controlling the proliferation and differentiation of cells. 15 In the conventional view, gap junctions could only transfer substances that are between 1 and 1.5 kDa. The gap junction has a pore size of 1.0-1.5 nm, 16 which is the same size as the linear diameter of miRNA. 17 Therefore, miRNAs can theoretically be transferred through gap junctions. In recent years, studies have shown that astrocytes can transmit miR-4519 and miR-5096 to cocultured glioma U87 cells through gap junctions, thereby promoting the invasion of glioma cells. 18 Mesenchymal stem cells were shown to transfer miR-124 and miR-145 mimics to cocultured glioma U87 cells through gap junctions, decreasing the migration and self-renewal of glioma U87 cells. 19 In our previous study, we also confirmed that in glioma U87 cells, gap junctions delivered miR-124-3p and augmented its antitumor effect. 20 These findings suggest that gap junctions can transmit miRNA. However, there are still certain questions that remain, such as whether miRNAs consisting of 18-27 nucleotides can be passed through gap junctions composed of Cx43. It is also unclear whether gap junctions composed of other Cx differ in their capacity for miRNA delivery. In addition, it is unknown whether gap junctions composed of different
Cx have different effects on the function of miRNAs. Solving these problems will provide a new strategy for the application of miRNA in tumor therapy.
The present study was conducted to explore whether miRNAs consisting of 18-27 nucleotides could be transferred through gap junctions between cancer cells. We further investigated the ability of gap junctions composed of three different types of Cx (Cx43, Cx32 or Cx37) to transmit these miRNAs and whether the different types of Cx affected the cell proliferation-inhibitory effect of miR-34a. 
| MATERIAL S AND ME THODS

| Cell culture
| Coculture of cells
| Quantitative real-time PCR
Total RNA was extracted using the Hipure miRNA Kit (Magen, Guangzhou, China) according to the manufacturer's protocol. qPCR was carried out according to the manufacturer's protocol (Transgen Biotech, Beijing, China).
Additionally, to examine the relative expression of Cx43, total RNA was isolated using the Hipure Total RNA Kit (Magen) according to the manufacturer's protocol. For qPCR, the primers for Cx43 were as follows: (forward) 5′-GGTCTGAGTGCCTGAACTTGCCT-3′
and (reverse) 5′-AGCCACACCTTCCCTCCAGCA-3′, and for GAPDH: (forward) 5′-GAAGGTGAAGGTCGGAGTC-3′ and (reverse) 5′-GAAGATGGTGATGGGATTTC-3′. 
| Western blot analysis
| Parachute dye-coupling assay
The function of gap junctions was assessed using a parachute dye-coupling assay. 27 Cells were grown to 80%-90% confluency in 12-well plates. Donor cells from one well were double-labeled with 10 μg/mL calcein-AM (Invitrogen, Carlsbad, CA, USA) and 5 μg/mL CM-Dil (Invitrogen) in the dark for 30 minutes at 37°C. 
| CCK-8 assay
Cell proliferation was assessed using CCK-8 (Dojindo Molecular
Technologies, Rockville, MD, USA) according to the manufacturer's protocol. Five replicate samples were analyzed for each group.
Cell survival rate was calculated by the following formula: survival rate = OD miR-34a /OD miR-NC .
| Cell cycle analysis
Cells were harvested, washed with PBS, and fixed with ice-cold 70% ethanol at 4°C overnight. The fixed cells were washed twice in cold PBS, resuspended in a volume of 100 μL of 10 mg/mL RNase (KeyGEN, Jiangsu, China) and 25 mg/mL propidium iodide (PI; KeyGEN), and incubated for 30 minutes at 37°C in the dark before being analyzed using flow cytometry (BD Biosciences).
| Statistical analysis
Statistical analysis was carried out using SPSS 13.0 and graphs were drawn by GraphPad Prism 6.0 software. Data were analyzed using one-way ANOVA or Student's t test. *P <0.05 or **P < .01 were considered to be statistically significant.
| RE SULTS
| Transfer of miRNAs consisting of 18-27 nucleotides between glioma U87 cells
Previous studies have reported that miRNAs composed of [22] [23] nucleotides (such as miR-124, miR-145, miR-96 and miR-183) can be delivered from cell to cell through gap junctions. 19, 20, 28 In this context, we investigated whether exogenous synthetic miR-34a mimics that were composed of 22 nucleotides could be transferred between glioma U87 cells. We generated miR-34a mimics labeled with Cy3.
U87 cells were transfected with the Cy3-labeled miR-34a, and these transfected cells served as donor cells. The donor cells were then cocultured with receiving cells, which were stably transfected with GFP in glioma U87 cells (U87-GFP). As presented in Figure 1A , the cells were observed by confocal microscopy after being cocultured for 12 hours, and the merged image shows that the cocultured U87-GFP (receiving cells) carried red Cy3-miR-34a mimics, which came from the donor cells. In addition, we obtained similar results through FACS analysis ( Figure 1B ). These results showed that miR-34a consisting of 22 nucleotides could be transferred between glioma U87 cells. To examine whether miRNAs composed of 18-27 nucleotides, including miR-1827, miR-144, miR-34a, miR-203a and miR-1183 (Table 1) , could be transferred between glioma U87 cells, we carried out the coculture assay. U87 cells were transfected with exogenous miRNA mimics (Table 1 ) and served as donor cells. These donor cells were cocultured with U87-GFP receiving cells at a ratio of 1:1. After 12 hours of coculture, the U87-GFP receiving cells were selected by a BD influx flow cytometer based on the GFP label. Then, using qPCR analysis, expression of miRNAs in the U87-GFP receiving cells that were cocultured with the donor cells was shown to be significantly increased compared with the U87-GFP cells that were not cocultured with donor cells ( Figure 1C ). These results indicated that all miRNAs composed of 18-27 nucleotides could be transferred between glioma U87 cells.
| Gap junctions composed of Cx43 mediate the delivery of miRNAs consisting of 18-27 nucleotides between glioma U87 cells
To We constructed U251 cells that stably overexpressed Cx43.
Results from the western blot assay confirmed that Cx43 was over- Figure 5F ). These results suggest that gap junctions composed of Cx37 could not transit these miRNAs.
| Gap junctions composed of Cx43 enhanced the inhibitory effect of miR-34a on the proliferation of glioma cells
According to the abovementioned results, we clarified the pattern of cell-to-cell transfer of miRNA through gap junctions. 
| Gap junctions composed of Cx32 or Cx37 did not alter the inhibitory effect of miR-34a on cell proliferation in cervical cancer cells
To investigate the influence of gap junctions composed of Cx32 or To date, 21 isoforms of Cx have been identified in humans, and the permeability of gap junctions composed of various Cx was shown to differ. 33, 34 However, it remains unknown which type of Cx make up the gap junctions that transfer miRNA. In the present study, we
showed that the capacity for gap junctions to transfer miRNAs consisting of 18-27 nucleotides was dependent upon the type of Cx. In MicroRNA is a promising therapeutic agent against many diseases, including cancer. 4, 9, 39, 40 However, several challenges limit miRNA-based clinical applications, including effective delivery of therapeutic miRNA, lack of specificity and induction of the immune response. [41] [42] [43] Gap junctions are selectively permeable, which allows for the exchange of secondary messenger molecules and metabolites between the cytoplasm and the extracellular environment. 16 Notably, transmission of miRNAs through gap junctions is efficient and specific 
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